Tides and plants have already restored much of a landscape that the 1964 Alaska earthquake destroyed. At the head of a macrotidal estuary near Anchorage, in the vicinity of Portage, subsidence during the earthquake changed meadows, thickets, and spruce groves into barren tidal flats. Tidal-flat silt and sand soon buried the preearthquake landscape while filling intertidal space that the subsidence had made. Had the 1964 Alaska earthquake been repeated a decade later, the two earthquakes would now be recorded by two superposed, buried landscapes near Portage. Much more than a decade is probably needed to reset similar recorders at mesotidal estuaries of the Cascadia subduction zone.
INTRODUCTION
If the same part of a fault produces backto-back earthquakes, how much time must pass between them for each earthquake to leave a distinct geologic record? For example, where a fault ruptures a previously unbroken deposit, when will deposits create a new marker for the next rupture? Where a freshened fault scarp sheds colluvium, how quickly will a soil make this deposit distinct from later colluvium? After coseismic uplift raises a wave-cut platform, how soon will waves cut the next platform? Such lags become important if they make a paleoseismic record incomplete, for in that case the earthquake hazard is greater than the geology may imply (McCalpin and Nelson, 1996, p. 15-17) .
Short recurrence intervals present little difficulty for the classic geologic recorder of coseismic subsidence (Fig. 1) . The setting for this recorder is Portage, Alaska, at the head of a macrotidal estuary along a subduction zone (Fig. 2) . During the 1964 earthquake, Portage and its surroundings subsided into the estuary's intertidal zone (Plafker, 1969) . During the next 15 yr, tidal silt and sand buried the subsided landscape while building a new one capable of recording the next earthquake Ovenshine and Kachadoorian, 1976; Bartsch-Winkler and Garrow, 1982; Bartsch-Winkler, 1988) .
To these previous findings we add several new ones, to emphasize how soon the Portage area became ready to record the 1964 earthquake's successor. First, using repeated measurements of the thickness of postearthquake deposits, we confirm previous estimates that most of the deposition took place in the first decade after the 1964 earthquake. Next, we describe rhythmic bedding as evidence for decimeters of tidal deposition within the first months after the earthquake. We then provide an update on the maturing postearthquake landscape by describing the distribution and age of plants that lived on the aggraded land in 1998. Finally, we make comparisons with the probably slower recovery of tidal marshes and forests at the Cascadia subduction zone.
SETTING

Tides and Sediment
Portage adjoins the uppermost part of Turnagain Arm (Fig. 2, B and C) , an estuary having a huge tidal range, strong tidal currents, and broad tidal flats (Bartsch-Winkler and Ovenshine, 1984) . The estuary's tides at Anchorage have a mean range of 9 m and a maximum range close to 11 m. The highest high tides, during twice-monthly series of so-called spring tides, are as much as 3 m above the level of the lowest high tides, which are in the intervening series of neap tides. Most days have two high tides that differ in height by a few tenths of a meter. The highest spring tides arrive as bores that ascend channels at speeds of several meters per second. The bores also traverse tidal flats, which make up nine-tenths of the estuary upstream (southeast) of Girdwood.
The tidal flats are made of noncohesive fine-grained sediment-chiefly coarse silt and very fine sand (Bartsch-Winkler and Ovenshine, 1984; Bartsch-Winkler, 1988) . These deposits contain few burrowing animals and no macroalgal cover. When swept by bores, some of the tidal flats may be scoured to depths of 10 cm or more (A.T. Ovenshine, 1998, written commun.) . In the 1970s, Ovenshine inferred such erosion by noting, after successive tidal cycles, the exposed length of stakes on a sand bar near Girdwood.
Subsidence in 1964
The March 27, 1964, Alaska earthquake, of moment magnitude 9.2 (Kanamori, 1977) , caused as much as 2.3 m of tectonic subsidence in a largely coastal belt 850 km long and 150 km wide ( Fig. 2B ; Plafker, 1969) . Seismic shaking locally added to the subsidence by causing unconsolidated deposits to settle (Plafker, 1969; McCulloch and Bonilla, 1970) .
In Portage and vicinity (Fig. 2C) , the earthquake produced 1.5 m of tectonic subsidence and mostly unknown amounts of nontectonic subsidence (McCulloch and Bonilla, 1970, p. D81) . The tectonic subsidence was measured at geodetic benchmarks on bedrock, the nearest of them 3.5 km northwest of town. Nontectonic subsidence averaged about 1 m on a railroad embankment that probably settled more than did undeveloped land.
The area lowered into the intertidal zone near Portage contained groves of spruce and cottonwood, thickets of alder and willow, marshes and bogs, hunting cabins, and a gas station . Some 18 km 2 became unvegetated tidal flat (Fig. 2, D and E) .
THICKNESS OF POSTEARTHQUAKE DEPOSITS
Newly tidal land near Portage built up quickly in the first decade after the 1964 earthquake. By 1973 it had accumulated over 20 000 000 m 3 of postearthquake silt and sand, as judged from thickness measurements at 301 sites in 1973 . The deposit was 1-2 m thick at most of these sites (Fig. 2C ).
This accretion dwarfed concurrent land-level changes from postearthquake uplift. Postearthquake uplift amounted to just 0.3 m between 1964 and 1975 (Brown et al., 1977 )-both at benchmark P 73 in Portage (location in Fig. 2F ) and at the benchmark on bedrock 3.5 km northwest of town (Fig. 3A) . Greater uplift between 1964 and 1975 was detected at benchmarks farther northwest, toward Anchorage, but none of it exceeded 0.6 m (Brown et al., 1977, p. 3370) . Similarly, at tide gages in Anchorage and Seward, postearthquake uplift between 1964 and 1989 did not exceed 0.2 m (locations in Fig. 1B ; Savage and Plafker, 1991, p. 4330-4331) .
Measurements in 1991 and 1998
We remeasured the thickness of postearthquake deposits in 1991 and 1998 at nearly two dozen of the sites studied in 1973 (Fig. 3B) . The remeasured sites lie west of Portage, between Twentymile River and Portage Creek ( Fig. 2F; Fig. DR1   1 ). Most are at or near channel junctions from 1973 that were still recognizable in 1991 and 1998, even though the channels had mostly filled. To reoccupy the junctions, we used the same 1:24 000 blackand-white aerial photographs, taken in 1973, on which on the flattest ground near 23 sites in 1991 and near 22 of the same sites in 1998. For each hole we used a hand auger 5 or 10 cm in diameter; at many sites we also used a gouge corer 2 cm in diameter.
Like Ovenshine and his coworkers, we identified the buried 1964 surface by its buried soil. At most, sites this soil contains an uppermost horizon of organic mud 1-2 cm thick, which overlies silt more compact and less sandy than deposits above the soil. At most sites, the lowest 20 cm of deposits above the soil contains elongate pieces of black decayed organic matter, which in outcrop can be identified as stems or leaves of plants rooted in the buried soil.
Our thickness comparisons of postearthquake deposits contain two main uncertainties. We used analysis of variance to look for significant differences among the three sets of measurements, and we used the Tukey test to examine specific pairs of means for differences. These statistical methods are described by Zar (1996) .
Changes Since 1973
Most of the postearthquake aggradation of flats near Portage was completed by 1973. In that year, the thickness of postearthquake deposits between Twentymile River and Portage Creek had a mean and standard deviation of 1.40 Ϯ 0.25 m (23 sites of Figs. 2F, 3B; Fig. DR1, Table DR1 ; see footnote 1). These numbers changed to 1.60 Ϯ 0.25 m in 1991 (same 23 sites, within estimated relocation error) and 1.65 Ϯ 0.27 m in 1998 (22 of these sites). Thickness increased between 1973 and 1991 at 19 of 23 sites, and this increase passes the Tukey test for significance (p Ͻ0.05; Table DR1 ; see footnote 1). By contrast, thickness increased between 1991 and 1998 at only 12 of 22 sites, and this change is not significant.
These findings confirm that sediment quickly filled the space made available by subsidence from the 1964 earthquake. The mean thickness in 1973 (1.4 m) resembles the tectonic component of this subsidence (1.5 m). The mean thickness in 1991 and 1998 (1.6 m) resembles the total, net subsidence if additional space was created by compaction in 1964, and if most of this extra space was closed by tectonic uplift between 1964 and 1975 (Fig. 3A) .
The newly deposited sediment became finer as deposition slowed in the 1970s and 1980s (Bartsch-Winkler, 1988 ). In the area of the air photos in Figure 2 , surface sediment in 1974 contained at least 10% sand at each of 18 sites and more than 30% sand at two of them. A similar suite of 19 samples contained no more than 6% sand in 1981 (Fig. 3B ).
Both the slowing of deposition and the fining of surface sediment are signs of postearthquake emergence at Portage (Ovenshine and Kachadoorian, 1976; Bartsch-Winkler, 1988) . As the land emerged-more by deposition than by uplift (Fig. 3 , A and B)-tides flooded it less often, less vigorously, and for shorter periods of time.
DEPOSITS FROM THE FIRST MONTHS AFTER THE EARTHQUAKE
The postearthquake section contains laminae that repeat rhythmically. As interpreted below, these rhythmic deposits built up the postearthquake tidal flats by at least 0.5 m in the first few months after the earthquake.
Methods
We measured postearthquake sections in two riverbank outcrops chosen for ease of access and freshness of exposure. One is on a midstream island of Twentymile River (Figs. 2C, 4, and 5); the other, along a meander of Portage Creek ( At both outcrops we used a tripod-mounted automatic level to survey control points on the buried 1964 surface and on the modern banktop surface (Figs. 7A and 8A) . In addition, we cleaned vertical panels 1-3 m wide (Fig. 5, A and B) , etched bedding by splashing the panels with water, sketched the main stratigraphic units in each panel (Fig. 7, B and C; Fig. 8B) , and measured to the nearest millimeter the thickness of sediment couplets (Figs. 7D and 8C; Table DR2 ; see footnote 1). The thickness measurements at Twentymile River were made separately by two different observers at each panel.
We assigned couplets to groups defined by couplet thickness, as described below. We gave letter names to three probably widespread groups of couplets (F, G, and U in Figs. 5 and 7) and to units bounded by unconformities (K-M and Q-S in Fig. 8 ).
To study fine details of bedding, we used a resin peel of a sample collected from the surveyed outcrop at Twentymile River (Figs. 5A, 7A, and 9).
Description
Couplets
Sediment couplets make up most of the postearthquake deposit in both outcrops. Most contain a lower layer of coarse silt or very fine sand, rarely more than 2 cm thick, and an upper layer of fine or medium silt 1-2 mm thick ( Within most of the groups of thick couplets, successive couplets are alternately thicker and thinner (Figs. 7D and 8C ). The main exception is group U, in which couplets are uniformly thick (Figs. 5B and 7D ). Similarities in patterns of couplet thickness show that group U and underlying group G extend along at least 80 m of the Twentymile River outcrop and may be present at Portage Creek as well (Figs. 5 and 7) .
Groups of thick couplets become less distinct upward above group U (Fig. 7D , sections 2 and 5-8). In two of the tallest sections, the thickest couplets also tend to become thinner upward (Fig. 7D, section 6; Fig. 8, section 9 ). Such thinning is not evident, however, in two other tall sections (Fig. 7D, sections 2 and 8) . Though most couplets are flat, some are wavy from deposition on ripples (Fig. 5 , B and C; Fig.  6B ; Fig. 9 ). Many of the ripples climb through dozens of successive rhythmites, and the direction of climb suggests that some of the ripples formed during flood (rising) tides. Where studied in three dimensions at Twentymile River, ripples climb upstream, away from Turnagain Arm (Fig. 7A) . Nearby, where checked only on an outcrop that trends parallel to the river, ripples climb in an apparent downstream direction (Fig.  5C ). Where similarly checked on an outcrop along Portage Creek, ripples appear to climb upstream through about 30 successive couplets (Figs. 5E and 8B) .
Most of the sandy couplets contain parallel lamination. However, the peel shows sand to be massive in some of the thick couplets and crosslaminated in at least six others (Fig. 9) . The peel further implies that group F contains about twice as many thin couplets as were counted nearby in the field (Fig. 7 , C and D, section 4). In this nearby field count, we may have treated several of the thinnest couplets in group F as parallel lamination within thicker couplets.
Other Features Low in the Postearthquake Section
Erosional unconformities are more obvious and common at the Portage Creek outcrop (Fig. 6 , A and C; Fig. 8B ) than at the Twentymile River outcrop (Fig. 5, B and C; Fig. 7, B and C) . At Portage Creek their relief ranges from a few centimeters (in unit Q of section 10) to at least 1 m (beneath unit S of section 10). Many of the unconformities probably resulted from the rilling evident in 1965 and 1966 air photos (Figs. 2E and 4B) . Like the unconformities, rills were more common near the Portage Creek site (Fig. 2E ) than near the Twentymile River site (Fig. 4B) .
A fault displaces a group of thin couplets low in the section at Portage Creek, within unit R (Fig. 8B, section 10 ). This fault may have resulted from huge cakes of ice moved by postearthquake tides in April 1964. Such cakes abounded near Portage, as shown by photographs from that time ( Fig. 4A ; Plafker et al., 1969, p. 41; McCulloch and Bonilla, 1970, p. D83) .
Evidence for Rapid Deposition
Several lines of evidence suggest that much of the postearthquake section near Portage formed in the first months after the 1964 earthquake. Postearthquake photographs show new tidal-flat deposits in the area as early as April 1964. The sediment couplets in the postearthquake deposits resemble rhythmic bedding ascribed, at other macrotidal estuaries, to individual high tides, inequality between twice-daily high tides, and neap-spring cycles. The couplets are too many to record merely seasonal or annual cycles in deposition. Though too few to record every high tide, the couplets likely record the highest tides. The groups of thick couplets may match specific series of high tides from the first months after the 1964 earthquake.
Photographs from 1964-1966
Tides began making a new deposit at Portage in the first weeks after the March 27 earthquake. An air photo taken April 14, during the month's highest predicted tide, shows the town invaded by floating ice like the cakes in Figure 4A (Plafker et al., 1969, p. 41 ). Another photograph of the town shows ice cakes grounded at a lower tide (McCulloch and Bonilla, 1970, p. D83) . These cakes rest on smooth, glistening surfaces probably of silt or sand.
One to two years later the new deposit was thick enough to obscure pre-earthquake shrubs and to contain hundreds of rills not present in 1962 (Fig. 2D) . These changes are evident on air photos taken in 1965 (Fig. 4B) and 1966  (Fig. 2E) .
Sediment Couplets at Other Estuaries
Couplets like those near Portage are known from the modern deposits of two other macrotidal estuaries-the Bay of Fundy, Canada (Dalrymple and Makino, 1989; al., 1991) , and Mont Saint Michel Bay, France (Tessier, 1993) .
In an upper reach of the Bay of Fundy, the typical couplet contains sand a few millimeters to a few centimeters thick and a mud cap less than 1 cm thick (Dalrymple et al., 1991, p. 150) . The sand is deposited during high tides by flood currents, ebb currents, or both; the mud settles out at high slack or as the tidal flat emerges during the ebb. Couplet thickness varies rhythmically because of neap-spring cycles and because of diurnal inequality of high tides. (The higher the tide, the greater the current speed and sediment-transport capacity and the thicker the resulting deposit.) The area of fastest sedimentation, up to 7 m/yr (Dalrymple et al., 1991, p. 156) , borders marshes upstream from the estuary's broad tidal flatsa setting like that of Portage.
On an upper-intertidal flat at Mont Saint Michel Bay, the couplet from an individual high tide consists of a sandy layer 1 mm to 1 cm thick and a mud layer 1-5 mm thick (Tessier, 1993) . The sandy layer forms as the rising tide covers the flats, and the mud layer then forms at high slack. The couplets come in groups of 10-12 bounded by a dark muddy bed a few millimeters thick. Couplets near such bounding beds are thinner than couplets midway through the groups. The number of couplets per group resembles the number of twice-daily tides that flood the flats during each neap-spring cycle (a 14-d period from the lowest in a series of neap tides, through the ensuing series of spring tides, to the lowest of the next series of neap tides). The groups of 10-12 couplets thus represent fewer than half the high tides; they form only during the highest of the spring tides. Unlike most couplets near Portage and at the Bay of Fundy, successive couplets at Mont Saint Michel Bay are similar in thickness. This similarity is due to equality in the heights of the two daily high tides.
Three Kinds of Rhythmicity
By analogy with tidal couplets of the Bay of Fundy and Mont Saint Michel Bay, most of the individual couplets in the postearthquake deposits at Portage probably represent individual high tides. The lower part of each couplet probably records flood currents, especially where ripples climb upstream. The finer, upper part of each couplet probably formed at high slack or early in the ebb.
Analogy with the Bay of Fundy and Mont Saint Michel Bay further suggests that spring high tides produced the main groups of thick couplets near Portage, and that lesser tides produced the intervening groups of thin cou- plets. The lesser high tides were probably intermediate between spring tides and neap tides, as shown in Figure 10A and discussed further in the next section.
As at the Bay of Fundy, the common alternation between relatively thick and thin couplets probably represents height differences between the two daily high tides. This difference approached 0.5 m during the high-tide series early in the months of May, June, and July of 1964 (Fig. 10A) . Where successive couplets have uniform thickness (group U), they may correlate with series of nearly equal high tides, such as the series in early August of 1964.
Number of Couplets
At 100 or more, the couplets are too many to explain by annual or seasonal cycles. Most or all of the couplets probably date to the first decade after the earthquake, because most of the postearthquake deposition near Portage was over by 1973 (Fig. 3B) .
The couplets are too few, however, to record more than half the high tides in the neap-spring cycles they likely span. In a postearthquake section interrupted by few unconformities, the lowest 0.8 m contains about 100 couplets, and the thickest of these couplets form about eight groups (Fig. 7D , section 1). If each group represents a different series of spring tides, the roughly 100 couplets span at least eight neap-spring cycles-a time including well over 200 twice-daily high tides.
Like tides at upper-intertidal flats of Mont Saint Michel Bay (Tessier, 1993, p. 359) , only the highest of the postearthquake high tides near Portage covered the sites of our measured sections. Such selective inundation can be modeled from amounts of coseismic subsidence and from tide predictions for the first months after the 1964 earthquake (Fig. 10) .
In a highly simplified case, land near Portage drops 1.5 m from tectonic subsidence during the March 27 earthquake (H in Fig.  10A ), and this subsidence changes the land level from just above maximum pre-earthquake high tide to near the median of high tides predicted for the first seven months after March 27. The land then remains at this new level. With these assumptions, about half the postearthquake high tides fail to reach the new land level, and the higher tides repeat in groups (Fig. 10E) , somewhat like the thick couplets (Fig. 10, B and C) .
In a more realistic case, the land drops an additional 0.5 m from settlement during the earthquake, for a total of 2.0 m of coseismic subsidence, and it steadily aggrades 1.3 m in the next seven months (diagonal line in Fig.  10A ). As the land aggrades, the highest tides still come in groups but cover it less deeply (Fig. 10D) . Such shoaling may explain the overall upward thinning of couplets in section 6 (Fig. 7D ) and in section 9 (Fig. 8) , as well as the small amount of deposition since 1973 (Fig. 3B) .
Correlation with Specific Tidal Series
If the couplets represent tides, the groups of thick couplets should match particular series of spring tides. The possibility of such a match is shown by speculative correlation between groups of thick couplets in the Twentymile River outcrop and series of spring tides predicted for Anchorage (Fig. 10, dashed lines between parts C and D).
In this correlation, we assume that the lowest group of thick couplets (between the 1964 soil and thin group F) formed during the spring tides centered on April 14, not during the first few days after the March 27 earthquake. This assumption is consistent with postearthquake air photos of the Portage area and perhaps also with an eyewitness account.
The air photos imply that the late March tides failed to reach the sites of our measured sections. Used for mapping earthquake-induced cracks in snow (McCulloch and Bonilla, 1970, Pl. 3), the photos show no sign that ice cakes invaded Portage, which they did on April 14 (see above section, ''Photographs from 1964-1966'') . The air photos do show ice cakes on channel banks along Twentymile River and Portage Creek, but only downstream from the sites of the outcrops where we measured couplets. The eyewitness account implies little or no inundation in the first few days of the earthquake. It comes from a man who owned and operated Portage Garage (Fig. 2E) at the time of the 1964 earthquake and who lived on the property at the time. When interviewed a decade later by A.T. Ovenshine (1998, written commun.) , he recalled a few days having passed before tides flooded the buildings. Perhaps ice in upper Turnagain Arm impeded the highest postearthquake tides in late March.
Our speculative correlation of Twentymile couplets with Anchorage tides contains a further assumption: that the first postearthquake group of uniformly thick couplets (group U) formed during the first postearthquake series of spring tides in which the two daily high tides were of similar predicted height (Fig.  10) . This series, which peaked August 8 and 9 of 1964, followed four to seven series of postearthquake spring tides that may have covered subsided land near Portage. The earlier series may have produced the five groups of thick couplets that underlie group U in Twentymile sections 1 and 2, and they may similarly explain the four or more groups of thick couplets beneath group U in Twentymile section 5 (Fig. 7D) .
Such dating of postearthquake couplets near Portage could be improved in several ways. Thickness patterns in the couplets could be measured in additional sections. They could be compared with additional features of tidal cycles described by Kvale et al. (1999) , such as the monthly alternation between a series of extreme spring tides and a series of less extreme spring tides, as occurred in April and May of 1964 (Fig. 10A) . Observed tides could be substituted for the predicted tides in Figure  10 (if postearthquake tidal curves are still available from the Anchorage gage from the first months after the 1964 earthquake). Also helpful would be data on winds and storms, for the tidal couplets at Mont Saint Michel Bay are thickened by sediment suspended during storms (Tessier, 1993, p. 363 ). Signs of seasonal or annual cycles could be sought in the measured sections, to locate such time lines as the first postearthquake winter.
VEGETATION IN 1998
In the 1990s, young shrubs and trees increasingly covered the recently aggraded land near Portage. These plants continued a successional trend that began with grass and willow by 1974 (Ovenshine and Kachadoorian, 1976) and included spruce by 1980 (BartschWinkler and Garrow, 1982; Bartsch-Winkler, 1988) .
Methods
Between June 26 and July 2, 1998, we studied plant distribution in the area of repeated thickness measurements of postearthquake deposits near Portage (Fig. 2F) . In this area we identified major plant taxa to genus or species, following the taxonomy of Hultén (1941 Hultén ( -1946 (Table DR3 ; see footnote 1). In the same area, we also measured vertical ranges of major taxa and determined ages of postearthquake spruce (Picea sitchensis or hybrids).
To measure vertical ranges, we noted the occurrence of plant taxa along a leveled transect (Figs. 2F and 11) . The height of the ground surface was measured with an automatic level at 172 points distributed unevenly along a distance of 837 m. Most of these points were measured at boundaries between plant assemblages. Closure error in the leveling was less than 1 cm.
We dated 73 postearthquake spruce (Figs. 2F and 3C; Fig. DR2 and Table DR4 ; see footnote 1). Using increment borers 5 mm in diameter, we collected cores from 61 spruce at heights of 1 to 26 cm above ground. The cores were mounted and sanded, and their annual rings were counted by standard methods (Stokes and Smiley, 1996) . Cores of 23 spruce contain the center ring (pith). For the other 38 cored trees, we estimated pith dates from the year and curvature of the innermost cored ring.
Twelve spruce were too slender for coring. On stems of these saplings, we measured height increments marked by nodes at branches ( Fig. DR3; see footnote 1 ). Such nodes, where high on conifer stems, mark annual increases in height. We also sacrificed a few saplings to check the dates inferred from nodes and to measure growth increments low on their stems, where node positions are obscured by radial growth and by death of early branches. Using these samples, we counted annual rings on sanded cross sections at 5-cm intervals on the lowest 45 cm of tree 46 and on the lowest 80 cm of tree 66 ( Fig. DR3 ; see footnote 1).
The nodal measurements gave nearly linear growth rates-from 4 to 13 cm/yr-that we used to correct tree ages for sampling height (Figs. 3C; Fig. DR3 ; see footnote 1). The largest correction was 6 yr, applied to five trees cored 26 cm above the 1998 land surface (Table DR4; see footnote 1). We did not correct core heights for sedimentation around the trees because most of the trees sprouted at least a decade after postearthquake deposition had nearly ceased (Fig. 3, B and C).
Topography
What was new tidal flat at Portage in 1964 had become, by 1998, a well-vegetated plain above all but the highest tides. In 1998 the plain had decimeters of relief along most of the leveled transect (Fig. 11 ) and a maximum of 2 m of relief at tidal channels.
Tides still covered the plain in 1998, as shown by silt coatings on leaf litter. However, high tides were confined to major channels even on June 26, when the maximum predicted tide at Anchorage was only 1 m below the year's highest astronomically predicted levels (National Ocean Service, 1997).
Vegetation Patterns
A mosaic of meadows and thickets covered Portage flats in early summer of 1998 (Fig.  11) . In the meadows stood vetchling (Lathyrus palustris), yarrow (Achillea borealis), silverweed (Potentilla egedii), lupine (Lupinus nootkatensis), horsetail (Equisetum arvense), rush (Juncus sp.), sedge (Carex lyngbyaei), wild flag (Iris setosa), and several kinds of grass. Most of the thickets contained willow (Salix spp.) and sweet gale (Myrica gale), and many had an understory of horsetail. Here and there the thickets contained alder (Alnus crispa), cottonwood (Populus balsamifera), or spruce. Few of these woody plants stood more than 2 m high. The plants showed little vertical zonation, despite their combined vertical range of 1.5 m and a scarcity of shrubs along the seaward half of the transect (Fig. 11) . Sedge dominated the walls and floors of tidal creeks but also lived on some of the highest ground. Willow bordered a small channel but also descended into a sedge-dominated swale. Most boundaries between meadows and thickets were on flat ground. In the two places where we measured it, land level beside living spruce resembled that of meadows.
New Trees and Shrubs
Among the 73 spruce dated in 1998, the oldest probably originated between 1979 and 1984 ( Fig. DR2 , tree 2; see footnote 1). This tree, the largest, was 5.8 m tall and 0.22 m in basal diameter. Most of the other spruce originated in the late 1980s and early 1990s (Fig.  3C ). Although we found no spruce from later than 1994, we surely overlooked seedlings too short to stand above surrounding plants.
Although few shrubs lived near Portage Garage in 1973 (A.T. Ovenshine, unpublished photograph), the area was crowded with them by 1998. Part of the invasion occurred after 1991, as shrubs surrounded a truck beside the garage and took over an area that had been marsh in 1991 (Fig. 12) . Shrubs may have also spread in the 1980s along our transect, because several willows cut in 1998 contained at least eight annual rings (Fig. 11) .
Old Trees and Buildings
Remains of the pre-earthquake landscape decayed as the postearthquake landscape matured. Although hundreds of dead trunks of preearthquake spruce and cottonwood remained standing, dead, in 1998, many of these snags had fallen between 1991 and 1998 (compare B and C in Fig. 12 ). Snags still standing in 1998 were mostly rotten near the present ground level. Sometime between 1991 and 1998, Portage Garage collapsed among the shrubs that had spread around it (Fig. 12) .
Soils
Though we did not study soils on the 1991 or l998 landscape, we noticed an A or O horizon in some areas and its absence in others. Leaf litter formed an O horizon millimeters thick in willow thickets. By contrast, even in 1998, seaward parts of meadows commonly lacked surficial accumulation of organic matter.
Indistinct bedding may mark the beginnings of soil formation on the postearthquake landscape. Such bedding is present beneath the A or O horizon of the buried 1964 soil (Walsh et al., 1995, p. 38, 65) . Similarly, in the highest parts of postearthquake sections, bedding is indistinct from roots and burrows and from air voids a few millimeters in diameter. Such air voids were previously reported from upperintertidal deposits of Turnagain Arm (BartschWinkler and Ovenshine, 1984, p. 1233) . They may be explained by trapping of air during deposition (Bartsch-Winkler and Ovenshine, 1984, p. 1233) or by later decay of organic material from diatoms or microbes (Robert W. Dalrymple, 2000, written commun.) .
RESOLVING SHORT INTERVALS BETWEEN GREAT EARTHQUAKES
What is the least time that must elapse between two great (magnitude 8 or larger) earthquakes for each earthquake to produce its own record of coseismic subsidence in a single stratigraphic section? This time is probably shorter near Portage than at the Cascadia subduction zone.
Portage
Stratigraphy near Portage can record greatearthquake recurrence intervals as short as a decade. In 1973, when vegetation was returning to areas where postearthquake deposition was nearly complete, the rebuilt landscape near Portage was already set to record a repeat of the 1964 earthquake Ovenshine and Kachadoorian, 1976) . Had the repeat earthquake occurred in 1973, its geologic record would not include a widespread peaty soil on post-1964 tidal deposits. With good preservation of organic matter, however, the record would include growth-position remains of herbaceous plants and willows that were living on the new land in 1973. Had the repeat earthquake occurred another 25 years later, its geologic record would begin as well with an incipient A or O horizon and the growth-position remains of young spruce trees. Even if these organic materials were destroyed by later oxidation, the 1998 land surface could be identified by the indistinct bedding beneath it.
Great earthquakes inferred from estuarine stratigraphy near Portage have an average recurrence interval of hundreds of years (Combellick, 1991; Bartsch-Winkler and Schmoll, 1992) . Buried soils marking some of these earthquakes, however, have yielded similar radiocarbon ages (Combellick, 1991, p. 17) . The rapid remaking of the pre-1964 landscape near Portage gives such soils the potential of recording recurrence intervals much shorter than the average.
Cascadia Subduction Zone
At the Cascadia subduction zone, many Pacific coast estuaries have stratigraphic records of repeated coseismic subsidence, and the main modern analog for these records is the history of subsidence, burial, and landscape restoration from the 1964 earthquake near Portage Atwater and Hemphill-Haley, 1997) . However, at these Cascadia estuaries the tidal range rarely exceeds 3 m, and tidal deposits above their buried soils lack centimeter-thick couplets from individual tides. These deposits may need far more than a decade to reset the earthquake recorder by rebuilding andscapes that coseismic subsidence can widely destroy.
Though poorly known, this reset time has been estimated as less than 150 yr for Willapa Bay, Washington (Atwater and Hemphill-Haley, 1997, p. 95) . At Willapa Bay, the tidal range is 3 m, and the most recent great earthquake occurred in 1700. Subsidence during the 1700 earthquake changed the bay's tidal marshes and tidal swamps into tidal flats. The flats then aggraded about 1 m and became covered with new vegetation. Such rebuilt land was, in the early 1850s, described as prairie suitable for grazing by livestock, and in the 1870s it was mapped as marshes and swamps distinct from tidal flats.
Reset times of at least 50 years accord with the ages of Sitka spruce in today's tidal swamps of Willapa Bay and neighboring Grays Harbor, Washington. Had spruce returned to these estuaries after the 1700 earthquake as fast as they returned to Portage after the 1964 earthquake, many of the trees would date to the 1720s and 1730s. Instead, although a few tidal spruce at Willapa Bay predate the 1700 earthquake (Jacoby et al., 1997) , few others predate 1750 at Willapa Bay or Grays Harbor (Benson et al., 2001 ). To register widely as buried forests, back-to-back earthquakes thus need longer recurrence intervals at these Cascadia estuaries than at Alaska's Turnagain Arm. 
